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safranin; cellular respiration; tance spectroscopy epicardial fluorometry; reflec-TO ASSESS the regulatory mechanisms of cellular respiration, information is needed on the partial reactions of mitochondrial energy transduction in intact cells and tissues. The membrane potential of isolated mitochondria has been measured by employing giant mitochondria impaled by microelectrodes (30) and by determining distribution of potassium ion in the presence of valinomytin, (24) permeant cations (7, 36) , and electrochromic dyes (6) . Measurements of the mitochondrial membrane potential in cells (11) and tissue are scarce. In isolated cells ionic probe distribution has been determined by the digitonin fractionation method (15) , and in a few cases optical probes such as safranin have been used. It has been reported that in intact Erlich ascites tumor cells (2) , hepatocytes (3)) and synaptosomes (4) safranin spectrum changes mostly reflect the mitochondrial membrane potential. In the isolated perfused heart [3H] -methyl triphenylphosphonium iodide (TPMP+) has recently been successfully employed to calculate the mitochondrial membrane potential (17) .
The uptake of TPMP+ into perfused hearts is a rather slow process (17) , and the true time course of the calculated membrane potential changes is unknown. It would therefore be useful to record the time courses by an independent method that would be inherently fast. Electrochromic and electrofluorometric dyes would, in principle, be suitable for this purpose in light of evidence from cell suspensions.
The use of heart muscle has the dilemma that the surface area of the excitable membranes (sarcolemma plus T-tubular system) is large, and one could anticipate that, although an optical probe with a preferential affinity to mitochondrial inner membrane could be found, the large amount of other cellular membranes causes interference (25).
In the present study safranin is used as a mitochondrial membrane potential probe in the intact isolated rat heart. The contribution of the plasma membrane potential changes was estimated by recording the effect of changes in the K+ diffusion potential on the safranin fluorescence under conditions in which the mitochondrial membrane potential should be stable. It was demonstrated that safranin functions as a mitochondrial probe also in the myocardium and that the interference of plasma membrane in this signal is small. The validity of the method is discussed in conjunction with the data obtained from permeant cation distribution. To control the beating rate the region of the right atrium containing the sinus node was excised, which lowered the endogenous beating rate of the heart to 1.2-1.5 Hz. The rate was adjusted by electrical pacing with an Ag-AgCl electrode by 3-ms pulses 50% above the threshold. The frequency was monitored by recording the aortic pressure wave with a Statham P23-1D pressure transducer and Statham pressure monitor. Venous 02 concentration was monitored by a Clark-type O2 electrode (Radiometer E5046) and the coronary flow by a calibrated drop counter.
The mechanical work of the heart was modulated by arresting the heart by increasing infusate K+ concentration to 18 mM by omission of Ca*+ or by adjustment of the electrical pacing frequency.
Experiments with isolated mitochondria. Mitochondria were isolated from rat liver principally as described in Ref. 27 and from rat heart by the Bacillus subtilis proteinase digestion method of Tyler and Gonze (31) and suspended in 225 mM mannitol, 75 mM sucrose, and 0.5 mM ethylenediaminetetraacetic acid (EDTA), pH 7.4. The electrochromic response of safranin absorbance spectrum and fluorescence' was tested in a medium composed of (in mM) sucrose 193, mannitol 11, HEPES 24, EDTA 0.025, adjusted to pH 7.2 with tris(hydroxymethyl)aminomethane (Tris). The concentration of mitochondrial protein was 2.2 mg/ml and that of safranin 13 pM.
The valinomycin-induced diffusion potential of K+ in rotenone-and antimycin-inhibited mitochondria was used to obtain graded mitochondrial membrane potentials.
Tissue processing and metabolite assays. The hearts were freeze clamped with aluminum clamps precooled in liquid N2, powdered in the frozen state, and extracted with HCIOl as described by Williamson and Corkey (32) .
The metabolites in neutralized HClO* extracts were assayed by conventional enzymatic methods by use of an Aminco DW-2 dual-wavelength spectrophotometer. ADP and creatine (Cr) were determined according to Bernt et al. (8) . ATP was measured according to Lamprecht and Trautschold (23) , and creatine phosphate (CrP) was measured in same cuvette after subsequent addition of ADP and creatine kinase (22) . Inorganic phosphate (Pi) was assayed with glycogen phosphorylase a essentially as described by Gawehn (12) .
The cytosolic phosphorylation potential
where the equilibrium constant of the creatine kinase reaction (KCK) is 7.058 x 10m3 at physiological cytosolic pH (16) and M$+ concentration (21) . Optical methods. Reflectance spectrum changes and safranin fluorescence at the surface of the heart were monitored with a custom-built dual-wavelength spectrophotometer surface fluorometer in which the two reflectance light pulses and the fluorescence excitation pulse were led to and from the tissue surface through a Yformed fiber-optic light guide and a 4.5-mm diameter glass rod pressed against the epicardium of the left ventricle. Reflectance measurement wavelengths were selected by two Hilger and Watts type D292 grating monochromators (Hilger and Watts, London) from a tungsten-halogen light source. The fluorescence excitation light was selected by a combination of an interference filter with 522.5 t 2.5-nm band pass (Balzers, Lichtenstein) and a Wratten no. 99 filter (Eastman Kodak, Rochester, NY). The fluorescence emission was measured through a Wratten no. 30 filter that has an absorption band between 460 and 575 nm. This filter allows selection of reflectance reference wavelengths both below and above the wavelength of the excitation light and employs only a single-multiplier phototube. The light pulses were time-shared into the afferent light guide by rotating mirrors. The difference of selected light signals was computed by the analog electronics, and a dynode voltage feedback controlled by the reflectance reference light was used. Epicardial reflectance spectra were obtained by dual-wavelength scanning, using 582 nm as the reference wavelength. The apparatus is described in detail elsewhere (14) .
The same instrument (l4), modified by attachment of a cuvette compartment and a second multiplier phototube facing the cuvette perpendicula ,r to the incident light beam, was used in experiments on isolated mitochondria. The phototube used for the fluorescence detection was guarded for the excitation light by a Wratten no. 30 gelatin filter. Changes in the difference between absorbances at 524 and 484 nm and fluorescence excited at 522 nm were recorded simultaneously by time sharing the detector outputs as described in Ref. 14.
Uncorrected fluorescence excitation and emission spectra were recorded with a Farrand manual spectrofluorometer (Farrand Optical, New York) equipped with a xenon lamp with arc stabilizer.
RESULTS
Safranin fluorescence and absorbance changes in isolated mitochondria.
The valinomycin-induced K+ diffusion potential in the presence of various intracellular-toextracellular [ K+] ratios was employed to study the electrochromic behavior of safranin fluorescence and absorbance in isolated mitochondria.
Within the membrane potential range studied (67-167 mV), quenching of the fluorescence was linearly proportional to the membrane potential (r = 0.984). The least-squares regression line gave a zero fluorescence change intercept at 50 mV, corroborating the safranin absorbance data of Akerman and Wikstrom (6) . In the present experiments, the absorbance and fluorescence changes were reminiscent of A-D upper truces, safranin fluorescence; lower trace, absorbance difference at 524 and 484 nm. Upward deflection indicates increase in membrane polarization. A: rat heart mitochondria, 4 FM rotenone, 3.3 mM succinate, 15 Values are means k SE for the no. of experiments in parentheses. Perfusion procedures were as described in MATERIALS AND METHODS. After a IO-min preperfusion with Krebs-Henseleit buffer the perfusion was continued for 15 min in the control group with the same medium. In safranin hearts 20 PM safranin was added to perfusate for 5 min, and thereafter perfusion was continued with plain Krebs-Henseleit medium for 10 min. Pi, inorganic phosphate, CrP, creatine phosphate; Cr, creatine. each other both kinetically and quantitatively (Fig. 1, A- the dye in nonrecirculating perfusion with a medium D). There were no principal differences between the devoid of safranin. During the loading period the sponoptical responses of safranin in heart and liver mitotaneous beating rate of the heart increased 36 t 6% (n chondria, although the decay of the changes was faster = 3) but returned to the initial frequency (2.7 Hz) after in heart mitochondria ( Fig. 1, B and C) , probably because discontinuation of the safranin loading. The possibility of higher ion conductivities of the membrane as evi-of a more pronounced toxic effect of safranin on the dented by respiratory control indexes lower than in the heart muscle was ruled out in separate experiments, the hepatic mitochondria.
Addition of Ca2+ (67 PM) caused results of which are presented in Table 1 . No effects on an increase of fluorescence and absorbance at 524 nm, the cellular energy state were observed 10 min after and again these two optical parameters behaved very discontinuation of the safranin loading. The phosphosimilarly.
rylation potential ([ATP]fm [ADPI;'.
[Pi]-') was 6.4 x lo3 Uptake and metabolic effects of safranin. When the M-' in the control heart and 7.6 x lo3 M-' in the heart was perfused without recirculation with 20 PM safranin-loaded heart. safranin, its uptake was rapid and reached a saturating Safranin spectrum in myocardium. Safranin in vitro value in 8 min as verified by measuring the dye concenhas a broad absorption band with a maximum at 516 nm. tration in the effluent and by color change of the heart During safranin loading a broad absorption band, cenmonitored by surface optical methods (reflectance or tered around 510 nm with a shoulder at 550 nm, appeared fluorescence). The binding of the dye to the heart tissue in the reflectance spectrum (Fig. 2) . The shoulder at 550 was very tight, and there was practically no washout of nm is probably due to the presence of safranin monomer H511 brane potential changes. The reflectance change at 510 nm due to safranin loading was comparable with the anoxia-induced reflectance change of myoglobin measured at 620 -580 nm (Fig. 2) . On a cycle of anoxia the absolute change of the reflectance at 510 nm was rather small, and a shoulder appeared at 560 nm and a new maximum at 605 nm (Fig. 2) . To eliminate the myoglobin contribution and still be able to monitor safranin spectrum changes at high sensitivity, isoabsorption wavelengths were sought in the anoxia vs. normoxia difference spectrum of unstained heart by using a dual-wavelength technique. Suitable isoabsorption wavelength pairs were 523 -590 nm or 453.5 nm, which were also almost optimal compared with the electrochromic changes of the safranin spectrum. The reflectance (absorbance) spectrum monitoring was not, however, found suitable for measuring membrane potentials in the heart (Fig. 3) . The reason was the high concentration of endogenous chromophores (29) that completely swamped the spectrum changes of safranin. The method of scanning complete difference spectra of the heart under differing conditions was not sensitive enough, and also the recordings at the isoabsorbance wavelength pairs 523 -590 nm or 453.5 nm were apparently paradoxical compared with safranin behavior in isolated mitochondria (6) . Safranin fluorescence in myocardium. Because the results of the reflectance method were discouraging, the usefulness of safranin fluorescence as a membrane potential probe in the heart was tested. The uncorrected fluorescence excitation maximum of safranin was at 530 nm and the uncorrected emission maximum at 590 nm. The excitation wavelength was isolated with an interference filter with a band pass of 522.5 t 2-5 nm, which was far enough from the bands of the hemoproteins. The An increase in the ATP consumption by increasing the beating frequency from 1.5 to 5 Hz produced an increase in the safranin fluorescence (Fig. 4) .
Ca" deprivation caused a fluorescence decrease (Fig. 4 ), but a subsequent increase of the K+ concentration to 18 mM did not affect the fluorescence (Fig. 5) . A subsequent addition of 20 PM CCCP caused an extensive increase in the safranin fluorescence. These data indicate that the plasma membrane potential has very little influence on the safranin fluorescence, which is probably mostly mitochondrial. However, an increase of the intravascular K+ concentration to 18 mM caused a reversible decrease in the safranin fluorescence when the Ca2+ concentration was kept at 2.5 mM (Fig. 5) . Under these conditions the K+ excess inhibits the atria1 pacemaker activity, and the fluorescence decrease is probably connected to the increase in the cellular energy state and mitochondrial membrane potential (19) .
When the heart was perfused with Ca2+-free medium and the Ca2+ concentration was subsequently increased 4 . Fluorescence changes in a safranin-stained heart on changes in mechanical workload and ionic composition of perfusion medium and infusion of a mitochondrial uncoupler. Sinus node of heart was excised, after which heart was spontaneously beating at 1.11 Hz. When indicated (5 Hz), heart was electrically paced. Modifications of ionic composition of perfusion medium are indicated by horizontal blocks. CF, coronary flow. Effects of hyperpotassemia on safranin fluorescence in isolated rat heart perfused with normal or 0 calcium medium. Heart was preloaded with safranin by perfusion (20 PM). Concentration of KC1 (18 mM) was sufficient to arrest heart in diastole. CCCP, carbonyl cyanide m-chlorophenylhydrazone. to 2.5 mM, a rapid increase in the safranin fluorescence ensued (Fig. 6 ). This was similar in magnitude to the fluorescence increase to the addition of the uncoupler CCCP (Figs. 4 and 5) , and little further change in the fluorescence could be achieved by the uncoupler addition subsequent to the readmission of Ca2+ (Fig. 6 ).
There is a clear correlation between the changes in the safranin fluorescence and the changes in the mitochondrial membrane potential calculated from the subcellular distribution of endogenous (ATP and ADP) and exogenous (TPMP') probes. Although only a few reproducible stationary energy states of the isolated perfused heart are available, the plot suggests a linear relationship (P c 0.01) (Fig. 7) .
DISCUSSION
The present data demonstrate that the approach of using optical probes to record mitochondrial membrane potential changes in intact heart muscle is feasible. In contrast to the situation with suspensions of isolated mitochondria (6) , the absorbance spectrum changes of safranin are not sufficiently large to allow their use as a measure of membrane potential. This is evidently caused by the high concentration of endogenous chromophores in the heart. Safranin fluorescence was, however, found to be a sensitive and selective indicator of the membrane potential of mitochondria in situ. This is demonstrated by the response of the fluorescence to changes in extracellular K+ concentration.
Elevation of the K+ concentration would decrease the plasma membrane potential (26) but simultaneously increase the energy state (13) and membrane potential of the mitochondria (19) due to a decrease in the ATP consumption by stopping the mechanical activity. Only a fluorescence decrease could be demonstrated indicative of mitochondrial membrane hyperpolarization.
Moreover when the heart was kept quiescent by omission of Ca2+, alterations of the extracellular K+ concentration did not affect the safranin fluorescence. The direction of the changes was qualitatively similar to the membrane potential changes calculated from the distribution of the lipophilic cationic probe TPMP+ (17) . It is highly probable that there also exists a quantitative correlation between the fluorescence change and the mitochondrial membrane potential change.
The fluorescence of safranin has been used as a membrane potential indicator in a few sporadic cases. The reason for this is not obvious. According to the present results it has the same specificity as the light absorbance changes. The latter are usually measured by the dualwavelength technique, but one must bear in mind that 12 n 10 -; 0 this method loses its relative immunity to light scattering changes when the spectral interval between the measurement and reference wavelength increases. Because the absorbance band of safranin is rather broad, a wide dualwaveleogth interval must be used. The present results indicate that the absorbance (reflectance) changes of safranin in the heart muscle are swamped by the endogenous chromophores. The situation is less advantageous than in isolated mitochondria, because the myoglobin concentration in the tissue is lofold compared with the individual mitochondrial cytochromes (29) .
Addition of Ca2+ to the mitochondrial suspension caused a fluorescence increase indicative of a collapse of the membrane potential. Although Ca2+ competes with safranin for uptake (5), the spectral shift caused by Ca2+ addition most probably is due to diminution of the membrane potential due to this highly permeable ion (1) . Therefore the fluorescence changes on Ca2' readmission to the perfused heart are also most probably due to a decrease in the mitochondrial membrane potential. An intriguing discrepancy remains between the bacterial membrane vesicles, where safranin fluorescence has been claimed to increase on membrane energization (28), and the present results showing the opposite, supported by previous observations (10).
A reversible positive chronotropic effect of safranin was observed during the safranin loading. The mechanism is not apparent from the present data. It is, however, known that there is a mutual interaction between Ca2' and safranin transport into mitochondria (5, 10) . If a more generalized connection between safranin and Ca2+ transport exists, safranin could influence the cytosolic Ca2+ concentration and by this means affect the contractility of the myocardium. Although a toxic effect of high concentrations of safranin has been found in isolated mitochondria (34), the present results indicate that probably no such effect occurs in the intact tissue under conditions used here.
Time courses of the safranin fluorescence changes are rapid and comparable in speed with the redox changes of the mitochondrial electron carriers previously reported (13) . The specificity of the safranin fluorescence method for mitochondrial membrane potential measurements in isolated perfused hearts is probably achieved by the possibility of using zero dye concentration in the perfusion medium. Therefore, although safranin may be tightly bound to the plasma membrane, reversible changes in the binding or stacking of the dye are probably prevented by its absence in the extracellular fluid. It also became evident that without special precautions changes in the optical geometry and endogenous chromophores may cause artifacts in the surface fluorescence reading. The instrument used is capable of delivering either a reference reflectance pulse at the wavelength used for fluorescence emission measurement or, by using suitable filter combinations, a reference reflectance pulse at a wavelength isosbestic with but below the fluorescence excitation wavelength. Hitherto the reflectance reference has been obtained by using a single illumination wavelength and the reflectance at the excitation wavelength measured by omitting the emission monochromator device (9) . Theoretically, for a given compound, changes in the absorption at excitation wavelength and fluorescence have the same directionality, and changes in the spectrum of the chromophore itself are added to the compensation term used for correcting the fluorescence reading.
The present results indicate that safranin can be used as a fluorescent indicator of mitochondrial membrane potential in intact tissues and that the influence of the plasma membrane potential on the safranin fluorescence is small.
The data also show that the "calcium paradox," i.e., the toxicity of physiological concentrations of extracellular Ca2+ when readmitted after a period of Ca2+-free perfusion of an isolated heart (3l), appears as a very rapid collapse of the mitochondrial membrane potential.
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